Introduction 48
Neurodegenerative diseases (NDDs) are characterized by progressive 49 deterioration of brain function, resulting from the gradual degeneration or death of 50 neurons. Due to increased human lifespan, deaths due to NDDs have been increasing 51 over the years, and caused significant impact on the quality of life of patients and their 52 families. The World Health Organization (WHO) predicts that by 2040, NDDs will 53 overtake cancer to become the second leading cause of death after cardiovascular 54 diseases. Among various notorious NDDs, Alzheimer's disease (AD) is the most 55 common neurodegenerative disorder. The typical symptoms of AD include the 56 deposition of cortical plaques formed by aggregation of β-amyloid protein (Aβ) or 57 hyperphosphorylation of Tau protein which finally formed the neurofibrillary tangles 58 [1] . Scientists have long believed that these abnormal structures are prime suspects in 59 damaging and killing nerve cells and cause progressive brain degeneration and 60 deterioration of cognitive function among elderly people. However, there is currently 61 no cure for AD or any other common type of NDDs. Existing medications can only 62 help to control or delay the symptoms. One limitation for AD drug development is the 63 presence of the blood-brain barrier (BBB), since more than 98% of small molecule 64 drugs, and ∼100% of large molecule drugs can not pass the BBB [2] . Therefore, 65 effective treatment of AD remains one of the greatest challenges in modern medicine. 66 4 Our previous study used the non-invasive low intensity pulsed electric field 67 (LIPEF) in combination with fucoidan to prevent oxidative stress-induced mouse motor 68 neuron death [3] . It was found that LIPEF suppressed the hydrogen peroxide (H2O2)-69 enhanced expression of ROCK protein and increased the phosphorylation of Akt in the 70 H2O2-treated NSC-34 cell line. In this work, the non-contact LIPEF stimulation was 71 employed to study human neural cell line SH-SY5Y, which was widely used as the 72 neurodegenerative damage model, and investigate the neuroprotective effect of LIPEF 73 against oxidative damage induced by H2O2. Besides, we also extended the 74 neuroprotective study to the AD disease model by Aβ protein administration. 75
Interestingly, it was observed that the LIPEF parameters used in the mouse motor 76 neuron are not effective in human neural cell line. The systematic study on frequency-77 and amplitude-dependent neuroprotective effect of LIPEF was performed, and the 78 result found that the high frequency LIPEF (H-LIPEF) at 200 Hz conferred the best 79 protective effect to the SH-SY5Y cells. Since the alternating current (AC) signal has 80 only one frequency and intensity, it is time-consuming and painstaking to find the 81 specific AC electric signal to achieve certain biological effect. Besides, the specific AC 82 signal is definitely not enough to target complex signal transductions in a biological 83 process or disease treatment. Therefore, such method will be confined to a small 84 number of diseases which will discount its applicability. Unlike the AC signal, the 85 5 pulsed electric field (PEF) can be viewed as the composition of multiple sinusoidal 86 subcomponents with different frequencies and intensities simultaneously [3] . We 87 further propose that the multi-frequency component nature of PEF greatly facilitates 88 the development of new disease therapeutics to fulfill different demands. 89
In this study, we applied the H-LIPEF stimulation to human neural cell line SH-90 SY5Y, and examined the prosurvival effect of such physical stimulation against 91 oxidative damage induced by H2O2 and Aβ-induced cytotoxicity. The results showed 92 that exposing the cells to H-LIPEF at 200 Hz significantly ameliorated the H2O2-and 93
Aβ-induced cytotoxicity in SH-SY5Y cells. Examination of the underlying mechanism 94 also showed that 200 Hz H-LIPEF could activate extracellular signal-regulated kinase 95 (ERK) pathway and downstream neuroprotective proteins. These findings implicate 96 that H-LIPEF is a promising electrotherapy, which sheds light on novel treatments for 97 AD or other NDDs. 98 99 100
Materials and methods

101
Experimental setup for exposure of the cells to non-contact
102
H-LIPEF
103
The LIPEF device described previously [3] was used for exposure of electric field with 104 6 various strengths and frequencies. The cells were placed between two copper flat and 105 parallel electrodes. Consecutive pulses with pulse duration 2 ms, different electric field 106 intensities and different frequencies were applied across the electrodes. Cells treated 107 with continuous LIPEF were kept in a humidified incubator of 5% CO2 and 95% air at 108 37°C. After optimization of the pulse parameters, we used the H-LIPEF stimulation to 109 produce the electric field in a non-contact manner, and examined its neuroprotection 110 effect against the oxidative insult caused by H2O2 to SH-SY5Y human neural cells. 
Results
169
In vitro-applied H-LIPEF 170
The H-LIPEF was applied in a non-contact manner with the apparatus consisting of two 171 thin parallel conductive electrodes mounted on the insulating acrylic frame ( Fig 1A) . 172
The culture dishes were placed between the parallel electrodes so the cells were not in 173 contact with the electrodes directly. Therefore, the H-LIPEF stimulation device can 174 provide the electric field in a non-invasive manner, avoiding the harmful effects caused 175 by conduction current and Joule effect via contact electrodes. The pulsed electric signal 176 was from a function generator and amplified by a voltage amplifier. In the study, the 177 applied electric signal was characterized by a pulse train waveform ( Fig 1B) with h. In our previous study, the low frequency LIPEF with parameters of 2 Hz, 60V/cm, 199 and 2 ms pulse duration was used in the mouse motor neurons NSC-34 [3], but the 200 result showed that this parameter combination is ineffective in the SH-SY5Y cells. In 201 this study, we used H-LIPEF in our experiments, and found that the H-LIPEF 202 stimulation using the parameters of 200 Hz, 10 V/cm, and 2 ms pulse duration produced 203 significant protection against the oxidative insult caused by H2O2 to SH-SY5Y human 204 neural cell line ( Fig 2B) . To examine whether the frequency and intensity are both 205 critical parameters in the neuroprotective effect, the systematic study on frequency-and 206 amplitude-dependent effects was performed. The intensity of H-LIPEF was firstly fixed 207 at 10 V/cm and the frequency was varied from 2 Hz to 499 Hz. The upper limit was set 208 to 499 Hz since for 2 ms pulse duration, two pulses will overlap for frequency greater 209 or equal to 500 Hz. The results showed that for frequency less than or equal to 100 Hz, 210 their survival rates were not significantly different from the H2O2-treated group. At high 211 frequency region, the H-LIPEF conferred protective effect to the H2O2-treated SH-212 SY5Y cells, and the maximum protective effect was at near 200 Hz ( Fig 2C) . For the 213 intensity-dependent effect, the frequency was fixed at 200 Hz, and the intensity varied 214 from 1~60 V/cm was examined. As shown in Fig 2D, it was obvious that there was a 215 maximum at 10 V/cm, indicating that the best protective effect was at 10 V/cm. 216
Therefore, we conclude that both the frequency and intensity are both critical 217 parameters in the neuroprotective effect, and the optimum protective parameters (200 218 12 Hz, 10 V/cm, and 2 ms pulse duration) were used in the following experiments. For AD 219 disease model, it was found that Aβ treatment reduced the viability of SH-SY5Y cells 220 due to the cytotoxicity of the aggregated Aβ ( Fig 3A) . As shown in Fig 3B and 3C, 
Effect of H-LIPEF treatment on ROCK protein expression in
249
SH-SY5Y cells 250
In our previous study, the neuroprotective effect of LIPEF was found to be associated 251 with the inhibition of the H2O2-induced activation of ROCK pathway in the motor 252 neuron cell line NSC-34 [3] . In this work, we examined the ROCK protein expressions 253 in order to investigate whether the protective effect of high frequency LIPEF on human 254 neuroblastoma SH-SY5Y cells was related to the ROCK pathway. As shown in Fig 4,  255 the expression of ROCK protein is slightly higher after H2O2 treatment but almost 256 14 unaffected after the treatment of both H-LIPEF and H2O2. This phenomenon points out 257 that although the H-LIPEF treatment can protect SH-SY5Y cells, the main mechanism 258 is not associated with the ROCK pathway. Therefore, other prosurvival protein 259 pathways should be considered in the following experiments. 269 We then studied the signalling pathways that could participate in the neuroprotective 270 mechanism of H-LIPEF stimulation. ERK is one of the major cascades of mitogen-271 activated protein kinases (MAPK) family and has been known to be widely associated 272 with cell survival [4] . Upon phosphorylation, the active ERK proteins enter into the 273 nucleus where they can phosphorylate certain transcription factors, thus regulating the 274 expression of specific genes that contribute to cell survival [5] . Therefore, in our study, 275 15 we examined the phosphorylation of ERK and the downstream transcription factors 276 including cAMP response element binding protein (CREB) and nuclear factor erythroid 277 2-related factor 2 (Nrf2) by western blot analysis. 278
As shown in Fig 5A, in comparison to the untreated control cells, the level of 279 phosphorylated ERK (p-ERK) was increased in the cells exposed to H-LIPEF for 24 h. 280
In contrast, the level of p-ERK in the cells was decreased when exposed to 500 µM 281 H2O2 for 24 h without the treatment of H-LIPEF. In addition, the result showed that the 282 H-LIPEF treatment induced a significant recovery of the p-ERK level in the cells 283 exposed to 500 µM H2O2. This result indicates that the neuroprotection provided by H-284 LIPEF could be related to the recovery of the H2O2-induced decline of p-ERK. In the 285 following, we further examined the expression levels of Nrf2 and p-CREB proteins 286 using western blot analysis. Nrf2 is a key transcription factor that regulates the 287 expression of antioxidant proteins participating in the protection of oxidative damage 288 triggered by injury and inflammation. As shown in Fig 5B, the level of Nrf2 was also 289 increased in H-LIPEF treated SH-SY5Y cells compared to the untreated cells. In 290 contrast, the level of Nrf2 in the cells exposed to 500 µM H2O2 for 24 h but without the 291 treatment of H-LIPEF was decreased. Meanwhile, the H-LIPEF treatment was found to 292 recover the expression of Nrf2 in the cells exposed to 500 µM H2O2 obviously. This 293 result showed that the neuroprotective effect was due in part to the H-LIPEF induced 294 16 Nrf2 expression and the antioxidant effect. Next, CREB is also an important 295 transcription factor triggering the expression of prosurvival proteins. As shown in Fig  296   5C , in comparison to the untreated control cells, the level of p-CREB was dramatically 297 increased when cells were under the H-LIPEF treatment alone. On the other hand, the 298 level of p-CREB in cells was decreased when exposed to 500 µM H2O2 for 24 h without 299 the treatment of H-LIPEF. Moreover, the result found that the H-LIPEF treatment 300 obviously recovered the expression of p-CREB in the cells exposed to 500 µM H2O2. 301 Furthermore, it is widely known that CREB phosphorylation regulates Bcl-2 family 302 proteins including anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins, and the ratio of 303
Bcl-2/Bax determines whether neurons undergo survival or death after an apoptotic 304 stimulus. Therefore, the expressions of Bcl-2 and Bax protein levels were also 305 examined in the study. As shown in Fig 5D, for SH-SY5Y cells under the H-LIPEF 306 treatment alone, the expression levels of Bcl-2 and Bax were increased and decreased 307 respectively, leading to a higher elevation of the Bcl-2/Bax ratio compared to the 308 untreated control cells. Meanwhile, in comparison to the untreated control cells, the 309 level of Bcl-2/Bax ratio of SH-SY5Y cells was found to decrease when exposed to 500 310 µM H2O2, indicating that the cells had undergone apoptosis. Moreover, it was observed 311 that the H-LIPEF treatment notably restored the expression of Bcl-2/Bax ratio in the 312 cells exposed to 500 µM H2O2. To sum up, the results showed that the H-LIPEF 313 treatment induced the anti-apoptotic effect by regulating the Bcl-2 family proteins via 314 modulating the ERK/CREB pathways and thus promoted the cell survival against 315 oxidative stress. these treatments are often involving the electric current passing through the injury site 334 caused by direct contact between body and implanted electrodes. The invasive or 335 contact manner greatly prohibits the feasibility of the treatment or even causes harmful 336 effects to the cells or body such as electrolysis, burns and muscle spasms [9] . Therefore, 337 the electrotherapy with the non-invasive or non-contact manner will be a preferred 338 modality. In our previous study, we had demonstrated a non-contact electric stimulation 339 device [10]. The device operates as a parallel capacitor which generates electric field 340 between two parallel electrodes ( Fig 1A) . Therefore, the electric field with such 341 capacitive coupling mode can pass through biological samples to achieve specific 342 biological effect without the actual current flowing through the cells or media via 343 contact electrodes. It is worthy to note that the field strength passing through the culture 344 dishes or media is the same as the provided voltage across the electrodes. Besides, the 345 electric field waveform used here is a PEF, which is characterized by its multi-346 hampering the discovery and development of potential drugs or treatments of many 361 diseases. Therefore, finding treatments for animal models or cell types closer to humans 362 will be more important and meaningful. Here, our results showed that for human SH-363 SY5Y cells, the neuroprotective effect of LIPEF was more pronounced in the high 364 frequency region especially near 200 Hz which was quite different from the parameter 365 at 2 Hz for the NSC-34 mouse cell line. For higher frequency LIPEF, it consists more 366 high frequency components in its composition. Therefore, the result points out that it 367 could be due to such high frequency components participating in the neuroprotective 368 effect of H-LIPEF in human SH-SY5Y neural cells. The results also showed that the 369 therapeutic window of the H-LIPEF intensity for SH-SY5Y cells was near 10 V/cm 370 20 which was smaller than the most effective parameter (60 V/cm) for NSC-34 cells. 371 Therefore, one can see that the pulse frequency and the field intensity are critical 372 parameters for therapeutic applications. The suitable parameters (frequency, intensity, 373 and pulse duration) of LIPEF could vary with different types of cells or diseases and 374 need to be fine-tuned and optimized. Furthermore, we propose that one may also 375 combine multiple pulses with different parameters to simultaneously treat the target 376
region. 377
As for the neuroprotective mechanism, it was found previously that the LIPEF 378 treatment obviously suppressed the H2O2-enhanced expression of ROCK protein in 379 NSC-34 cells. However, for SH-SY5Y cells, the H-LIPEF simulation did not have 380 significant impact on ROCK protein expression. It is thus known that the 381 neuroprotective mechanism is not through the ROCK pathway. In the western blot 382 results, the study proved that such neuroprotective effect induced by H-LIPEF was 383 through activation of ERK pathway. The ERK pathway plays an important role in 384 regulating of proliferation and differentiation as well as survival of various cell types 385
[13]. It transmits external cues, including growth factors into signalling cascade via the 386 phosphorylation of ERK. Several studies have suggested that the stimulation of ERK 387 pathway may be a potential way for neuroprotection [4, 5] . Here, the study showed that 388 the physical stimulation by H-LIPEF alone significantly enhanced the expression level 389
